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The Maillard browning reaction between carbo-
hydrates and amines is part of an extensive series of
reactions that is the basis for the brown color caused
by the ``sunless tanning'' agent dihydroxyacetone in
self-tanning products. The initial stages of the reac-
tion are quite complex, but the ultimate products
are brown polymers known collectively as melanoi-
dins. We have now used electron spin resonance to
show that radicals are produced in vivo by the
Maillard reaction, initiated by treating the skin of
hairless mice with a solution of dihydroxyacetone in
buffer. Dihydroxyacetone was used as the carbohy-
drate because it is simple but highly reactive and is
the only USFDA approved color additive for the
production of a sunless tanning response on skin.
Treated skin turned brown within 24 h and showed
an electron spin resonance signal after sacri®ce of the
animal. The control sample, consisting of untreated
skin from the same animal, remained its original
pink color and had no electron spin resonance signal.
In corresponding ex vivo experiments in which
mouse skin was soaked in dihydroxyacetone solu-
tions, it was conclusively demonstrated that the
presence of the dihydroxyacetone was required for
radical formation in skin. In both the in vivo and ex
vivo reactions the electron spin resonance signal
consists of a broad single line with a peak-to-peak
linewidth of 15 Gauss and a g value of 2.0035. We
suggest that dihydroxyacetone interacts on skin
through a free radical mediated reaction similar to
its in vitro reactions with amines and amino acids.
Key words: dihydroxyacetone/EPR/ESR. J Invest
Dermatol 117:740±742, 2001
T
he reaction between carbohydrates and amines is not
familiar in conventional organic chemistry but to food
chemists it is well known as part of an extensive series
of reactions collectively called the Maillard browning
reaction, or more generally the nonenzymatic brown-
ing reaction (Hodge, 1953; Namiki, 1988; Ledl and Schleicher,
1990; Mullarkey et al, 1990; Roberts and Lloyd, 1997). The initial
stages of the reaction are quite complex, but the ultimate products
are brown polymers known collectively as melanoidins. The
Maillard reaction is the basis for the brown color caused by the
``sunless tanning'' agent dihydroxyacetone (DHA) in self-tanning
products.
The use of DHA as a topical self-tanning agent has been
reviewed (Levy, 1992). Puccetti and Leblanc (2000) used
photoacoustic spectroscopy with human autopsy epidermis to
suggest that the action of DHA took place in the lower stratum
corneum. It has been proposed that DHA when applied to skin has
value in providing photoprotection (Taylor et al, 1999). Johnson
and Fusaro (1994) also point out that DHA reacts with skin to form
¯uorescent melanoidins, the ultimate products of the Maillard
reaction, which afford ultraviolet (UV) protection.
While investigating the in vitro Maillard reaction between
carbohydrates and various amines or amino acids, Namiki and
coworkers showed that it could proceed via a free radical pathway
(Hayashi et al, 1977; Namiki and Hayashi, 1983). This was in
addition to the usual reaction initiated by formation of a Schiff base,
followed by the Amadori rearrangement (Hodge, 1953). The
radical intermediates were identi®ed by electron spin resonance
(ESR) spectroscopy as substituted pyrazinium cation radicals, based
on the N,N¢-dialkyldihydropyrazine ring system. Stable free radical
species are also found in the melanoidin ®nal products (Wu et al,
1986; Namiki, 1988). The ESR spectra of the latter radicals
generally consist of broad singlets, with hyper®ne structure in some
cases, depending on the particular amine±carbohydrate system
involved.
There have been a number of observations of free radicals in
skin, generally after UV irradiation. Buettner and coworkers
detected the ESR signal of the endogenous ascorbyl radical in
mouse skin and found that it increased upon exposure of the skin to
UV light (Buettner et al, 1987; Jurkiewicz and Buettner, 1994),
suggesting that the ascorbyl radical was a response to oxidative
stress. A short-lived radical has been detected in UV-irradiated
white and albino skin, either directly (Pathak and Stratton, 1968) or
by spin-trapping (Jurkiewicz and Buettner, 1996). There have also
been a number of studies of melanin free radicals in skin, again
induced by UV photolysis. The melanin radical signal is reported to
be a single line with a linewidth of 4±5 Gauss and a g value of
2.0041 (Collins et al, 1995).
In spite of the extensive literature on the Maillard reaction and
on radicals in skin, there has been no direct observation of Maillard
reaction free radicals in vivo. We have now used ESR to show that
radicals are produced in vivo by the Maillard reaction, speci®cally in
skin on albino hairless mice. In a corresponding ex vivo reaction, it
is conclusively demonstrated that radical formation requires the
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presence of a carbohydrate. DHA was used for most experiments
because it is a simple but highly reactive carbohydrate (Thornally
et al, 1984), and it is the only USFDA approved color additive for
the production of a sunless tanning response on skin. The goal of
these studies is to determine if DHA reacts with skin proteins
through a free radical mechanism similar to its well-de®ned
reactivity in solution with amino acids and proteins.
MATERIALS AND METHODS
DHA was obtained from Aldrich (Milwaukee, WI). All experiments
were run in 500 mM phosphate buffer, pH 7.8, due to the pH
dependence of the reaction. The buffer was treated with Chelex ion-
exchange resin (Bio-Rad Laboratories, Richmond, CA) before use to
remove adventitious trace metal ions. Hairless SKH1 mice from Charles
River Laboratories (Wilmington, MA) were used in these studies. All
experiments described were approved by the Institutional Animal Care
and Use Committee under Protocol 9713. The solutions were buffered
in all cases for consistency with ex vivo experiments. Mice used for in vivo
experiments were housed individually to prevent mutual grooming.
For the in vivo experiments, a mouse was ``painted'' once daily on one
side of its body with a 2 M solution of DHA in buffer. After the brown
color developed on the skin (usually within 48 h), the mouse was
sacri®ced (mice were sacri®ced by anesthetizing (ketamine/xylazine),
followed by cervical dislocation). The brown patch of skin was removed
for examination by ESR, and untreated skin (normal pink in color) from
the opposite side of the same animal was removed and used as a control.
For an additional control, several mice were painted with buffer alone in
the same manner and sacri®ced after 24 h. The color of the skin treated
with buffer alone appeared to be the same as that of normal untreated
skin. The skin was cut to ®t the 7 mm 3 23 mm well of a Wilmad
(Buena, NJ) WG-806 A quartz tissue cell. ESR spectra were run at
room temperature with a Varian E-104 ESR spectrometer, equipped
with a TM110 cavity. The spectrometer was interfaced to a PC for data
acquisition and analysis. Multiple scans were usually averaged to improve
the signal-to-noise ratio.
For ex vivo experiments, hairless mice were sacri®ced and portions of
skin were incubated in a solution of carbohydrate (usually DHA) in
phosphate buffer for times up to 48 h, at 37°C. The DHA concentration
was varied between 0.1 and 1.0 M. Control samples consisted of skin in
buffer alone for the same time and temperature. ESR spectra were run
on the skin as described above. The g value of the ex vivo line was
measured relative to 2,2-diphenyl-1-picrylhydrazyl (g = 2.0036).
RESULTS AND DISCUSSION
In vivo The skin of mice painted with the DHA solution
developed a brown color within 24 h. Upon examination of the
brown skin by ESR spectroscopy a broad single line was observed,
as shown in Fig 1(A). Although weak, the signal is reproducible
and is in clear contrast to the control sample from the same animal
(Fig 1B). The most intense signals were obtained from mice
painted using the procedure described above. In several cases, mice
were painted at frequent intervals, every 2 h for 8 h. After such
treatment the skin did not get darker than a single treatment, nor
did it show increased signal beyond that obtained by a single
treatment.
There were two control experiments. The ®rst consisted of ESR
examination of normal skin from animals treated with DHA
solution. In all cases the brown color was con®ned to the skin on
the treated side of the animal, indicating that grooming did not
spread the DHA, and there was no ambiguity in selecting normal
skin for examination. The second control experiment consisted of
skin from animals treated with phosphate buffer alone. With these
animals there was no apparent visual difference in the skin from the
treated and untreated sides of the same animal, and no samples of
skin had any detectable ESR signal (data not shown). Taken
together the experiments show that the ESR signal, and thus free
radicals, occurred only in skin treated with DHA.
Ex vivo Owing to the practical dif®culty of reliably measuring
DHA concentrations on mouse skin, a series of ex vivo experiments
was undertaken in which the effect of time and of carbohydrate
concentration could be more readily assessed. Qualitatively, after 24
h at 37°C in 0.5 M DHA solution the skin is tan to brown in color
and almost leathery in texture, whereas the skin in buffer alone is
gray and falling apart under the same conditions. The ESR signal
consists of a single line with a peak-to-peak linewidth of 14±16
Gauss (Fig 1C), and g value of 2.0035 6 0.0002. There is no
detectable signal in the skin incubated without added carbohydrate
(Fig 1D). The intensity of the ESR spectrum is directly
proportional to DHA concentration (Fig 2), and the signal
Figure 1. ESR spectra of mouse skin treated with DHA. (a) ESR
spectrum of mouse skin treated in vivo with DHA, 48 h after application,
®ve scans averaged: (b) ESR spectrum of untreated mouse skin, ®ve
scans averaged; (c) ESR spectrum of mouse skin treated ex vivo with
DHA in phosphate buffer, after 8 h at 37°C; (d) ESR spectrum of mouse
skin treated ex vivo with phosphate buffer alone, after 8 h at 37°C. ESR
parameters: scan range 100 Gauss; scan time 2 min; modulation
amplitude 2.0 Gauss; time constant 0.25 s; microwave power 20 mW;
one scan except as noted.
Figure 2. ESR signal intensity in ex vivo mouse skin as a function
of DHA concentration in buffer: d, signal intensity after 4 h at
37°C; j, signal intensity after 21 h at 37°C.
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intensity peaks at approximately 20 h. Similar ESR signals were
obtained when glyceraldehyde was used in place of DHA. In a
further control experiment, samples of skin treated with DHA for
24 h were washed with deionized water and placed in fresh buffer
without DHA. After another 24 h the intensity of the ESR signal
was 10%±20% less than originally observed.
As the ESR spectra required the presence of both skin and
carbohydrate, we suggest that they are the result of the Maillard
reaction between a carbohydrate, DHA, and amino groups in skin
proteins, such as from lysine and arginine, leading to cation radical
intermediates. The radicals are best described as melanoidin radicals,
which are the end result of the Maillard reaction. The observed
linewidths are similar to those reported for the radicals formed by
the reaction of glycolaldehyde and bovine serum albumin
(Hofmann et al, 1999), and by methyl glyoxal bovine serum
albumin (Lee et al, 1998). In the former experiment the broad line
was ascribed to radical cations that were not free to rotate because
of protein cross-linking and in the latter case the ESR spectra were
run on a frozen solution, which would also lead to broad lines.
Although our previous in vitro experiments (Roberts and Lloyd,
1997) exhibited the well-resolved spectra often observed for
radicals in solution, broad single lines are sometimes found in
solution experiments as well (Namiki and Hayashi, 1983; Wu et al,
1986), especially in the presence of adventitious metal ions
(Roberts and Lloyd, 1997).
The radicals are highly stable, in contrast to the UV-induced skin
radicals previously observed (Pathak and Stratton, 1968; Jurkiewicz
and Buettner, 1996). Another possible source of radicals are the
melanins, which exhibit both intrinsic and photo-induced
semiquinone type radicals (Stratton and Pathak, 1968; Valavanidis
et al, 1995) The intrinsic melanin radicals are impossible in albino
hairless mice, and exposure to normal room light did not lead to
any detectable ESR signals. Also, the ESR parameters that we
observed are not consistent with those reported for melanin radicals
in skin and other biologic systems (Blois, 1966; Jahan et al, 1987;
Collins et al, 1995).
In summary, the formation of free radicals in mouse skin as a
result of the in vivo Maillard reaction has been con®rmed by use of
ESR spectroscopy. We are aware that mouse skin and human skin
are not identical in structure, and that the mice used in this work
are speci®cally bred for skin studies. The epidermis of the hairless
mouse consists of basal cell layers and one or two cells undergoing
maturation. These cells are covered by a thin stratum corneum
consisting of only two or three layers of corni®ed cells. It is these
cells that are painted with the DHA and therefore are the ®rst target
for the Maillard reaction. In contrast, human epidermis consists of a
basal cell layer with perhaps eight or 10 layers of squamous cells
undergoing maturation. Covering these living cells is a stratum
corneum consisting of approximately 10 layers of corni®ed cells.
Modest tanning occurring to the stratum corneum when treated
with DHA could translate into a deep tan appearance in human
skin. We believe that the chemistry of the DHA reaction would be
the same in both species.
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